Tomato (Solanum lycopersicum), which is used for both processing and fresh markets, is a major crop species that is the top ranked vegetable produced over the world. Tomato is also a model species for research in genetics, fruit development and disease resistance. Genetic resources available in public repositories comprise the 12 wild related species and thousands of landraces, modern cultivars and mutants. In addition, high quality genome sequences are available for cultivated tomato and for several wild relatives, hundreds of accessions have been sequenced, and databases gathering sequence data together with genetic and phenotypic data are accessible to the tomato community. Major breeding goals are productivity, resistance to biotic and abiotic stresses, and fruit sensorial and nutritional quality. New traits, including resistance to various biotic and abiotic stresses and root architecture, are increasingly being studied. Several major mutations and quantitative trait loci (QTLs) underlying traits of interest in tomato have been uncovered to date and, thanks to new populations and advances in sequencing technologies, the pace of trait discovery has considerably accelerated. In recent years, clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 gene editing (GE) already proved its remarkable efficiency in tomato for engineering favorable alleles and for creating new genetic diversity by gene disruption, gene replacement, and precise base editing. Here, we provide insight into the major tomato traits and underlying causal genetic variations discovered so far and review the existing genetic resources and most recent strategies for trait discovery in tomato. Furthermore, we explore the opportunities offered by CRISPR/Cas9 and their exploitation for trait editing in tomato.
INTRODUCTION
Tomato is the top ranked vegetable grown over the world. It accounts for more than 15% of world vegetable production (over 177 million metric tons in 2016; www.fao.org/fa ostat). Tomato is grown for both processing and fresh markets. It is a rich source of micronutrients in the human diet. The major goals of tomato breeding (high productivity, tolerance to biotic and abiotic stresses, and high sensory and health value of the fruit) require a good comprehension and management of tomato genetic resources and diversity. Tomato is also an acknowledged model species for research in genetics, fruit development and disease resistance. It has a short life cycle, is easy to cross and self-pollinate, has a medium-sized genome (approximately 900 Mb), can be transformed with a high success rate, and benefits from a lot of genetic and genomic resources. Furthermore, the tomato community has access to several databases, gathering sequence data together with genetic and phenotypic data.
Tomato and its 12 closely related species belong to the Solanum genus in the large Solanaceae family (Peralta et al., 2008) . All these species come from the Andean region of South America. Exploration of the tomato center of origin has permitted major advances in the characterization of its diversity. In parallel, ex situ conservation of genetic resources in large national collections has ensured the conservation of landraces and wild species (Labate et al., 2007) and new artificially induced genetic diversity has been generated (Meissner et al., 1997; Menda et al., 2004; Just et al., 2013) . Modern genetics and breeding methods have not only contributed to the understanding of the genetic control of agronomical traits, but have also contributed to the development of thousands of new cultivars.
The advent of molecular biology in the 1980s raised great hopes in terms of characterization of the genetic diversity present in both wild and cultivated compartments. The development of molecular biological techniques allowed pinpointing of genomic regions involved in targeted traits (Paterson et al., 1988) . Dissection of the genetic control of complex traits, using ad hoc techniques from quantitative genetics, has led to the identification of key alleles involved in many agronomic traits, originating from several wild relatives (Tanksley, 2004) . Quantitative trait locus (QTL) mapping techniques in natural populations or, more recently, genome-wide association studies (GWAS) also facilitated the understanding of the genetic architecture of complex traits and germplasm management of both wild and cultivated tomatoes. Tomato has been one of the first crops for gene and QTL cloning by a map-based approach (Martin et al., 1993; Frary et al., 2000; Fridman et al., 2000) . Several reviews have reported the numerous genes and QTL cloned (Labate et al., 2007; Foolad and Panthee, 2012; Sato et al., 2012; Causse and Grandillo, 2016; Grandillo and Cammareri, 2016) .
The tomato genome is now fully sequenced, providing a high quality reference genome (Sato et al., 2012) . In addition, hundreds of new accessions have been resequenced (Aflitos et al., 2014; Lin et al., 2014; Zhu et al., 2018) and large transcriptome and metabolome datasets have been made available Fernie and Tohge, 2017; Zouine et al., 2017; Shinozaki et al., 2018) . Progress in deep sequencing technologies have triggered, in parallel, new developments such as GWAS (Bauchet et al., 2017; Tieman et al., 2017; Zhu et al., 2018) , QTL-seq (IllaBerenguer et al., 2015) and mapping-by-sequencing (MBS) for the exploitation of natural and induced genetic diversity, thus accelerating gene/allele discovery. Together with the very recently developed CRISPR/ Cas9 gene editing (GE) system, which is highly successful in tomato, these advances have contributed to the promotion of tomato not only as a model crop species but also as a model to further our understanding of plant biology. In this review, we will present the recent progresses leading to the identification and characterization of genes and QTLs of interest as well as the advances in tomato GE and their exploitation for tomato breeding.
DISCOVERY OF GENETIC VARIATIONS UNDERLYING MAJOR TRAITS IN TOMATO Important traits in tomato breeding
Tomato is grown all over the world under much contrasted conditions (from open field to soil-free greenhouses), so there are many traits of interest for this species (Figure 1 ). Apart from fruit size and yield, breeding efforts have focused on fruit shape and composition, disease resistance, adaptation to new growth conditions, and abiotic stresses. Tomato is remarkable for the number of traits used in the cultivated species that are controlled by a unique locus (Figure 1 ). Since the early works of Steve Tanksley and his colleagues who constructed the first high density map of molecular markers (Tanksley et al., 1992) , many genes controlling such mutations have been mapped and positionally cloned (Causse and Grandillo, 2016 ; see Supplementary Table S1 for synthesis). These genes are involved in plant architecture (sp mutation; Pnueli et al., 1998) , fruit color (del; Ronen et al., 1999; Gr; Barry et al., 2005; wf; Galpaz et al., 2006) , fruit ripening and shelf life (rin; Vrebalov et al., 2002; Gr; Barry et al., 2005) , and abscission (j; Mao et al., 2000) . Since the first cloning of the Pto gene, responsible for resistance to Pseudomonas tomato, more than 30 genes responsible for disease resistance have been mapped and most of these have been positionally cloned (Foolad and Panthee, 2012) .
In addition to these major mutations, several QTLs controlling fruit size, shape, color intensity, firmness, and composition were mapped. With the development of high throughput metabolome studies, the content of hundreds primary and secondary metabolites was assessed (Carrari et al., 2006; Bauchet et al., 2017; Tieman et al., 2017) . Concerning tomato sensory quality, many QTLs for sensory traits were mapped as well as QTLs for volatile organic compounds (Causse et al., 2002; Tieman et al., 2007 ) and a few were positionally cloned (Supplementary Table S1 ).
Environmental conditions diversely affect tomato phenotype
Several studies have evidenced a genetic variability in tomato response to its environment among wild related species and within the cultivated clade (Bai and Lindhout, 2007; Bolger et al., 2014) . Indeed, environmental stress, such as from drought, cold, salinity, or heat, generally impairs tomato yield but can enhance to some extent fruit quality (Ripoll et al., 2016) . These responses depend on the genotypes and the stress duration, intensity and stage of application, as well as the trait under consideration. Genotype (G) 9 environment (E) interactions that arise from the differential sensitivity of tomato cultivars to given environmental conditions, and of the underlying genetic determinism, were studied for several physiological and/or agronomic traits and yielded hundreds of QTLs (see Grandillo and Cammareri, 2016 for a recent review). Since the pioneering work of Paterson et al. (1990) , who compared QTLs detected in three single environments, and showed that different QTLs were detected for a same trait, QTL and GWAS results have frequently presented variable effects according to the environment (Sauvage et al., 2014; Zhang et al., 2015) . Recent studies on the impact of controlled abiotic stresses (water or salt stress) identified specific QTLs controlling the GxE interaction (QTLxE; Albert et al., 2016; Diouf et al., 2018) . Therefore, to assess QTLxE effects and identify the genes controlling their variation, future studies should include a wide range of environmental conditions coupled with appropriate statistical methods (Malosetti et al., 2013) . With the current availability of high-resolution populations, the impact of the environment on candidate loci controlling important traits can be deciphered. This information could be used both in breeding programs, by allowing the accurate choice of the QTL transferred into elite lines, and for functional validation studies.
While most QTLxE studies have involved two contrasting environments (i.e. a single stress condition vs its control), there is a knowledge gap in the identification of QTLs involved in responses to combined stress. This aspect is of capital importance as it was shown that stress combination in tomato (biotic and/or abiotic) does not always have an additive effect regarding physiological, morphological, or biochemical responses compared with single stress (Rivero et al., 2014; Bai et al., 2018; Martinez et al., 2018) .
Mapping populations for gene discovery in tomato
Mapping populations used for gene discovery in tomato are very diverse and display specific and complementary features (Labate et al., 2007) . The genomic era with cheaper and high-throughput sequencing capacity has facilitated access to large number of polymorphisms between individuals even between closely related varieties. Morphology (pro, e, clau) Circadian clock * (eid1, lnk2) Figure 1 . Main phenotypic traits studied in tomato. Left and right boxes: main tissues and associated phenotypic traits studied in tomato for their agricultural importance. Center boxes: main stresses that tomato is facing. *, traits selected during tomato domestication and improvement. §, traits highly susceptible to variations in environmental conditions. In brackets, nonexhaustive list of major genes and QTLs identified in natural genetic diversity (see Supplementary Table S1 ; Sato et al., 2012) . Tomato phyllotaxis is not faithfully represented for convenience.
This has led to the development of new designs of mapping populations in tomato with saturated genetic maps that amplify the power and precision of QTL detection. Apart from the traditional bi-parental populations and introgression line (IL) sets used to discover genes and QTLs, new segregating populations were recently developed in tomato including backcross inbred lines (BILs) and multi-parent advanced generation intercross (MAGIC) populations. In addition, several panels of naturally evolved accessions were used for GWAS. These populations have different benefits and limits (Figure 2) . From the first ILs developed in tomato from S. lycopersicum (cv M82) and the wild S. pennellii (LA716) (Eshed and Zamir, 1995) , Ofner et al. (2016) created a BIL population sustained over 11 generations of selfing and carrying smaller introgressions. The 446 BILs were densely genotyped with the 10k Solcap Single Nucleotide Polymorphism (SNP) array. The authors identified 1049 unique bins at the whole-genome level with half of the bins presenting less than 10 genes. Using two well known QTL/ gene, fw2.2 and beta-carotene (B), they demonstrated the high-resolution mapping offered by the population. The genome of the S. pennellii accession was sequenced (Bolger et al., 2014) and BILs enabled the characterization of QTL involved in yield (Soyk et al., 2017a) , leaf shape (Fulop et al., 2016) , leaf thickness (Coneva et al., 2017) , and day length response (M€ uller et al., 2016; Soyk et al., 2017b) .
To date, only one multi-parental population was developed in tomato with eight parental lines belonging to the cultivated clade S. lycopersicum var lycopersicum. This population demonstrated its potential to suitably decipher the genetic architecture of fruit quality traits . It did not present any structure and had linkage disequilibrium (LD) decay making it appropriate for linkage/ association mapping. It was also used for testing environmental effects on traits of interest and for deciphering the genetic basis of GxE interactions (Diouf et al., 2018) . This population was also used in a comparative study showing its complementarity to bi-parental populations and GWAS panels (Pascual et al., 2016) . GWAS panels accumulate a large diversity, notably if some wild accessions are included in the panel, and therefore allow identification of more loci significantly associated with the trait variation than in the bi-parental and MAGIC populations. After the release of the tomato reference genome, GWAS has been rapidly applied to the exploration of various traits including fruit composition and plant architecture. The first panel studied included accessions of cultivated tomato, cherry tomato and wild S. pimpinellifolium accessions (Sauvage et al., 2014) . Collections of unrelated accessions usually present some structure pattern that can hamper the detection of significant associations or conduct false-positive associations, limiting the potential of GWAS to detect reliable associations. Statistical modeling correcting for the effect of population structure can solve this problem, but may lead to missing some true associations for traits correlated to the structure such as fruit weight (Xu et al., 2013) . To limit the impact of panel structure, Albert et al. (2016) studied a new panel composed of cherry fruit accessions that showed a limited structure. Large panels of resequenced accessions also allowed the identification of several genes related to domestication traits (Lin et al., 2014) or composition (Zhu et al., 2018) . Other GWAS studies showed that associations could be identified using a panel of landrace accessions but this led to a limited number of associations (Ruggieri et al., 2014; Sacco et al., 2015) .
MAGIC

Important genes and QTLs recently discovered
The genetic basis of many agronomic important traits has been dissected using segregating populations (as described above). The availability of the genome sequence allowed the identification of many new candidate genes, but just a few mutations corresponding to major phenotypes or QTLs have been identified and functionally validated so far. The function of several genes previously cloned was also specified. Several fruit shape and size mutations were described. Among the four genes responsible for fruit shape diversity (Rodr ıguez et al., 2011), Soyk et al. (2017a) showed that the fasciated (fas) locus, which leads to increased locule number and fruit size during tomato domestication, results from a regulatory mutation in CLAVATA3 (SlCLV3), which interacts with WUSCHEL (SlWUS) in the region harboring two SNPs responsible for the lc mutation Rodr ıguez-Leal et al., 2017) . Two fruit weight QTLs were newly cloned, corresponding respectively to a cytochrome P450 (fw3.2; Chakrabarti et al., 2013) and to a novel protein (cell size regulator), which increases fruit weight predominantly through enlargement of the pericarp areas (fw11.2; Bardol et al., 2013; Mu et al., 2017) .
In addition to fruit size increase, domestication has led to many changes (Sauvage et al., 2017) . Two mutations involved in day length response were cloned. M€ uller et al. (2016) showed that the circadian clock of cultivated tomato has slowed following domestication due to a variation in the EID1 gene encoding a phytochrome A-associated F-box protein. The other gene was the florigen paralog and flowering repressor SELF-PRUNING 5G (SP5G). This was identified following a QTL-seq approach on an F2 population and was validated by CRISPR/Cas9 (Soyk et al., 2017a) . The evolution of the inflorescence architecture was also dissected and two transcription factors influencing the truss ramification identified Soyk et al., 2017b) . The two genes interact together, but exploiting natural and engineered alleles for these genes produced a continuum of inflorescence complexity that can be used by breeders for increasing yield.
The mutation controlling fruit uniform ripening, which is now used in every modern accession was characterized (Powell et al., 2012) . It is encoded by a Golden 2-like transcription factor regulating chloroplast development in fruit. With a lower photosynthetic capacity, the mutation was shown to affect fruit sugar content, suggesting a role in the poorer taste of modern varieties. Since cloning of long shelf-life genes (Vrebalov et al., 2002) , very few genes controlling variation in fruit firmness have been discovered, apart from a mutation in pectate lyase, which was shown to correspond to a QTL for fruit firmness (Uluisik et al., 2016; Wang et al., 2018) .
Investigation of fruit sensorial and nutritional quality was considerably aided by the large scale inventory of fruit metabolites (metabolome) (Fernie and Tohge, 2017) . Increased analytical throughput and widening of the range of metabolites identified and of genetic diversity studied led to the detection of hundreds of metabolite QTLs (mQTLs) controlling fruit composition (primary and specialized metabolites, volatiles, cuticle components, etc.) (Alseekh et al., 2015 (Alseekh et al., , 2017 Ballester et al., 2016; Ofner et al., 2016; Tieman et al., 2017; Albert et al., 2018; Garbowicz et al., 2018; Zhu et al., 2018) . This was the first step for identification by map-based cloning of genes involved in metabolite variations such as a glycosyltransferase controlling smoky aroma (Tikunov et al., 2013) and a MYB transcription factor responsible for pink fruit color (Ballester et al., 2010) . The genetic control of fruit anti-nutritional alkaloids was also deciphered (Itkin et al., 2013) . GWAS studies coupled with mQTL analyses further identified several loci of interest for improving major fruit quality traits such as malic acid content (Ye et al., 2017) or aromas (Bauchet et al., 2017; Tieman et al., 2017) . More recently, Zhu et al. (2018) showed, by screening a large set of lines, that selection for agronomical traits (fruit size, fruit color, virus resistance) during domestication and improvement led to the modification of fruit metabolome through hitchhiking.
GENETIC RESOURCES FOR TRAIT DISCOVERY IN TOMATO
Investigating the wild reservoir of genetic diversity
The 12 wild species related to tomato were rapidly used to set up segregating populations and discover new traits or genes of interest. All these populations allowed mapping and characterization of a myriad of major genes and QTLs involved in various traits (recent synthesis in Grandillo and Cammareri, 2016) . ILs, notably the set developed between S. pennellii and S. lycopersicum (Eshed and Zamir, 1995) , were used to map many QTLs for fruit composition (Schauer et al., 2006; Alseekh et al., 2015) . A unique QTL was shown to improve at the heterozygous level harvest index, earliness and metabolite content (sugars and amino acids) in processing tomatoes (Gur et al., 2010 (Gur et al., , 2011 . ILs were also used to fine map and positionally clone several genes and QTL of interest. A natural mutation in the SFT gene, involved in flowering time, was shown to correspond to a single overdominant gene that increases yield in hybrids of processing tomato (Krieger et al., 2010) . The BILs developed from this population were then used to clone several genes (see above).
The comparison of whole genome SNP distribution in the wild S. pimpinellifolium and the domesticated S. l. cerasiforme (S.l.c.) or cultivated accessions identified regions of genetic bottleneck, which occurred during domestication and selection (Lin et al., 2014; Blanca et al., 2015) . The potential of other species was shown but to a lesser extent. For instance an allelic variant increasing sugar content was identified in the promoter of a gene encoding an ADP-glucose pyrophosphorylase from S. habrochaites (Petreikov et al., 2006) . The mutation allowing an extended gene expression led to higher starch accumulation during fruit development and subsequent increase in soluble solid content in ripe fruit. More recently a mutation in a SWEET transporter in wild species was shown to be responsible for a higher fructose to glucose ratio compared with that in S. lycopersicum (Shammai et al., 2018) .
Wild relative species were particularly useful as a source of disease resistance. More than 100 pathogens attack cultivated tomato. As landrace varieties are susceptible to every pathogen, most of the resistance sources come from the crop wild relatives. This has resulted in a large number of genes mapped for marker-assisted selection and cloning (Foolad and Panthee, 2012; Causse and Grandillo, 2016) . In recent years, the first gene conferring resistance to late blight was cloned by Zhang et al. (2014) as well as several genes conferring resistance to the Tomato Yellow Leaf Curl virus: the allelic genes Ty1 and Ty3 (Verlaan et al., 2013) ; Ty-5 (Lapidot et al., 2015) ;. Ty-2 (Yamaguchi et al., 2018) . Defense against insects remains challenging. Analysis of natural and induced variation in tomato glandular trichome flavonoids identified a myricetin O-methyltransferase gene absent in the reference genome (Kim et al., 2014) . The acylsugars metabolism in trichomes and their role in insect defense were also deciphered and the role of an isopropylmalate synthase and of acyltransferases underlined Schilmiller et al., 2015) . Screening for the discovery of markers for new resistance genes has also continued with a higher efficiency thanks to the availability of reference genome sequences (Bao et al., 2015; Haggard et al., 2015; Kim et al., 2016 Kim et al., , 2017 Kim et al., , 2018 Wang et al., 2016; Hameed et al., 2017) .
Artificially induced genetic diversity: an additional genetic resource for trait discovery in cultivated tomato Mutant collections offer a complementary alternative for trait discovery in tomato and provide an allelic series on a uniform genetic background. In tomato, the main physical mutagenic agents are fast-neutron, which causes large deletions and translocations, and gamma-ray bombardments, which provoke small deletions and point mutations (Meissner et al., 1997; Emmanuel and Levy, 2002; Shirasawa et al., 2016) . The most widely used chemical mutagen is EMS, which induces point mutations (SNPs) evenly distributed at high frequency over the genome. Because up to 10 000 mutations per plant can be obtained in highly mutagenized tomato populations Petit et al., 2016; Shirasawa et al., 2016; Musseau et al., 2017; Pulungan et al., 2018) , a limited number of lines (<3000 lines) is sufficient to reach saturation mutagenesis. Therefore, large allelic series, including strong and hypomorphic alleles producing a range of phenotypic alterations (Park et al., 2014; Musseau et al., 2017) , can be obtained for a given gene of interest. It is noteworthy that several traits found in natural germplasm are not likely to be observed in mutant collections, including the traits caused by transposition of mobile elements (Xiao et al., 2008) or by epigenetic alterations (Manning et al., 2006; Kanazawa et al., 2011; Chen et al., 2015) .
Both determinate and indeterminate tomato cultivars have been used for generating fast-neutron and EMS mutant collections in the last decades (Meissner et al., 1997; Menda et al., 2004; Minoia et al., 2010; Okabe et al., 2011; Just et al., 2013) . Mutant collections of the determinate processing tomato cultivar M82 and model miniature tomato Micro-Tom, well suited for laboratory use, have been systematically screened for tens of phenotypic descriptors of traits such as yield, plant architecture, leaf shape and complexity, flower and fruit morphology, color and ripening, etc. (Menda et al., 2004; Saito et al., 2011; Just et al., 2013) . Data stored in publicly available databases (http://tomatoma.nbrp.jp/; http://zamir.sgn.cornell.ed u/mutants/) can be mined for mutants harboring specific traits and the corresponding seeds can be ordered. Tomato mutant collections have been successfully used for identification by Targeting Induced Local Lesions IN Genomes (TILLING) of allelic series for genes involved in a wide range of biological processes (reviewed in Rothan et al., 2016) . Over the last few years, a growing number of mutations that underlie remarkable tomato traits have been isolated by forward genetics approaches. They proved to be very efficient for (1) deciphering pathways controlling plant architecture and yield heterosis (sft alleles; Krieger et al., 2010; Park et al., 2014) ; and (2) for discovering new functions involved in inflorescence branching and fruit size (fab and fin alleles; Xu et al., 2015) , leaf development (curl; Pulungan et al., 2018) , male and female sterility (Slses; Hao et al., 2017) , carotenoid sequestration in plastoglobules (pyp; Ariizumi et al., 2014) , and regulation of cutin formation (cd2; Isaacson et al., 2009) , biosynthesis (cd3/cyp86a69 and gpat6; Shi et al., 2013; Petit et al., 2016) , and polymerization (cd1/gdsl1/cus1; Yeats et al., 2012; Petit et al., 2014) .
ACCELERATING TRAIT DISCOVERY IN TOMATO USING DEEP SEQUENCING STRATEGIES
The natural and artificially induced genetic diversity available in tomato is considerable and holds a great potential for trait discovery. However, while hundreds of QTLs controlling various traits have been mapped, comparatively few genetic variants that underlie QTLs have been identified to date (see above). Actually, until very recently, linking trait to genetic variations relied mostly on map-based cloning approaches using DNA markers and on the development of specific populations. Once the chromosomal region harboring the trait has been identified, its subsequent break-down to identify the causal polymorphism can be a daunting task because of the high number of candidate genetic variants or, at the opposite end, the absence of obvious candidate genes as well as the possible high LD and low meiotic recombination in the target region. The availability of high quality tomato reference genome sequences and cheap deep sequencing technologies has accelerated trait discovery via approaches such as QTL-seq and MBS or integration of multiomics data.
Bulk segregant analysis coupled with whole-genome sequencing approaches By allowing comparison with reference genome sequences, whole-genome sequencing (WGS) has enabled the discovery of all polymorphisms in a given genotype, including causal genetic variation. Association with fine mapping reduced the number of polymorphisms to a chromosomal region (Illa-Berenguer et al., 2015; Petit et al., 2016; Hao et al., 2017) . Usually, the target region still holds a large number of candidate SNPs/indels and it is therefore necessary to confirm their function by studying additional alleles or by functional analyses. This strategy has been successfully employed by Ariizumi et al. (2014) who detected EMS tomato mutants that harbored pale colored flowers, performed allelic tests to demonstrate that mutants complement each other and demonstrated by WGS sequencing that independent mutations in the PYP1 gene were responsible for the flower color trait.
Bulk segregant analysis (BSA) coupled with WGS alleviates the need for previous mapping of the trait. Here QTLseq is used for BSA-WGS mapping of natural quantitative variations (Illa-Berenguer et al., 2015; Bazakos et al., 2017) ; MBS is used for mutation mapping (Schneeberger, 2014) and is illustrated in Figure 3 . Once the trait of interest has been detected and its inheritance pattern is determined, the line harboring the trait is crossed to either another tomato genotype (QTL-seq) or to a wild-type (non-mutagenized) parental line (MBS) to produce an F2 progeny segregating for the trait. For QTL-seq, the line of interest can be outcrossed with a not-too-distantly related genotype, typically S. pimpinellifolium, or even cherry tomato (S.l.c.), because WGS allows the detection of all polymorphisms in tomato genome, c. millions of SNPs in S.l.c. , and therefore produces enough DNA markers for trait mapping (Illa-Berenguer et al., 2015) . The limitations of outcrossing the line of interest with a distantly related genotype are then avoided and the progeny phenotyping is facilitated. In the MBS strategy, because the mutant is backcrossed with the wild-type parental line, the SNPs detected by WGS, (<10 000 SNPs per plant; Garcia et al., 2016; Pulungan et al., 2018) , are only due to mutagenesis. Following phenotyping, F2 plants displaying the same phenotype are pooled, DNA bulks are sequenced, WGS reads are aligned to the reference genome and SNP variants are filtered to exclude polymorphisms linked to the parental genomes . An alternative strategy is to first select the exome (Pulungan et al., 2018) . This reduces sequencing effort but limits the information to coding regions and exclude cis-regulatory regions. Allele frequencies are then analyzed to delineate the chromosomal region harboring the causal genetic variant.
Mapping precision will depend on the extent of recombination in the chromosomal region harboring the genetic variant and on the size of the population studied. Pericentromeric regions, which may account for 75% of the chromosomes in tomato, display high LD and low recombination rates, while chromosome ends are usually highly recombigenic in this species (Sato et al., 2012) . To date, reported sizes for QTL-seq encompass several Mb and several tens or hundreds of candidate genes (IllaBerenguer et al., 2015; Soyk et al., 2017a; Zheng and Kawabata, 2017) . DNA markers derived from WGS-detected SNPs are then used to fine map the trait by recombinant analysis. This may remain a tedious task, depending on the number of SNPs and indels and extent of LD found in the candidate region (Illa-Berenguer et al., 2015; Zhu et al., 2018) . One possible way to alleviate this limitation is to combine QTL mapping data with gene expression data and/or with the predicted biological function of the protein.
Regarding MBS, because of the comparatively low number of EMS-induced SNPs, reducing the candidate genetic variants to few SNPs or possibly to a single SNP when present in a highly recombigenic region, can be straightforward. Reported sizes for MBS-mapped traits are typically in the 1-4 Mb range and the number of candidate mutations is <10, as indicated for the fruit color mutant psy1, cutin deficient mutant gpat6-a and fruit parthenocarpy mutation in SlAGL6 gene Petit et al., 2016; Klap et al., 2017) . Recombinant analysis is then usually performed to unequivocally identify the causal mutation (Figure 3) . The findings can also be strengthened by studying independent allelic variants from the same population as carried out for the curly leaf mutants (Pulungan et al., 2018) , or by reverse genetics strategies including CRISPRCas9 mutagenesis.
In the very near future, the efficiency and precision of trait mapping using classical map-based cloning or BSA-WGS-based strategies will be accelerated by increased meiotic recombination in tomato. The recent demonstration that an EMS-induced truncation mutation in the anticrossover DNA helicase RECQ4 increases crossovers in tomato by approximately three-fold (Mieulet et al., 2018) paves the way for such improvement. However, as the RECQ4 mutation does not increase crossovers in the pericentromeric regions, work is still needed to extend this finding to the whole tomato genome, including low recombigenic regions.
Multiomics analyses
For nearly two decades, 'omics technologies including transcriptomics, proteomics, and metabolomics have been used alone or in combination to discover genes and (a) Fruit colour mutant (here a recessive orange fruit trait) is detected by screening a tomato EMS mutant collection. Homozygous mutant line is back-crossed to parental (non-mutagenized) line, the BC 1 F 1 hybrid is selfed and a BC 1 F 2 population segregating for the orange fruit trait is generated. Tomato plants displaying either the wild type trait (red fruit) or the mutant trait (orange fruit) are pooled and DNA is extracted from the bulks. (b) DNA bulks are sequenced by whole-genome sequencing (WGS). Sequences are mapped onto the tomato reference genome, filtered, and allelic frequencies (AF) of WT and mutant alleles are determined. In case of recessive mutation, genomic region carrying the causal mutation displays an AF > 0.8 for mutant alleles (orange line) and < 0.5 for WT alleles (red line). EMS-induced single nucleotide polymorphisms (SNPs) detected within the genomic region of interest are then used as genetic markers to detect recombinants in the BC 1 F 2 segregating population. BC 1 F 2 plants homozygous for the mutant allele (orange bars) have orange fruits, while plants heterozygous or homozygous for the WT allele (red bars) have red fruits. Genotype-to-phenotype association allows the unambiguous identification of the mutation responsible for the orange fruit trait in the fruit colour mutant.
networks underlying various traits of interest in tomato. Examples of these are rootstock grafting (Ntatsi et al., 2017) , effect of root mycorhization on fruit quality (Zouari et al., 2014) , meristem maturation and inflorescence architecture (Park et al., 2012; Soyk et al., 2017a) , leaf morphology and thickness (Koenig et al., 2013; Coneva et al., 2017) , glandular trichome metabolism (Balcke et al., 2017) , seed composition (Toubiana et al., 2015) , fruit set and parthenocarpy (Wang et al., 2009; Ruiu et al., 2015) , and fruit development, ripening, and composition (Carrari et al., 2006; Faurobert et al., 2007; Mintz-Oron et al., 2008; Mounet et al., 2009; Matas et al., 2011; Osorio et al., 2011; Itkin et al., 2013; Pan et al., 2013; Pattison et al., 2015; Fernandez-Moreno et al., 2016; Szymanski et al., 2017; Li et al., 2018b; Shinozaki et al., 2018; Stevens et al., 2018) . While fruit studies outnumber all others, considerable efforts have also been devoted to the study of abiotic stress, including heat (Keller and Simm, 2018) , cold (CruzMend ıvil et al., 2015; Barrero-Gil et al., 2016; Ntatsi et al., 2017) , water limitation (Albert et al., 2018) , salinity stress and nutrient deficiency (Zamboni et al., 2012) , and of plant reaction to biotic stress, causes of which include viruses (Ramesh et al., 2017) , bacteria (French et al., 2018) , fungi (Blanco-Ulate et al., 2013; Ghosh et al., 2016) , and nematodes ( Swie z cicka et al., 2017). However, large scale 'omics analyses typically produce tens or hundreds of candidate genes, which cannot all be analyzed by reverse genetics. Even the precise knowledge of when, where, and in response to what stimuli a gene or a protein is expressed and/or to which pathway or network it belongs is usually not sufficient to confidently predict its implication in a trait of interest. In recent years, integration of 'omics data with additional phenotypic and genetic information, aided by the establishment of bi-parental and multi-parental tomato populations and the mapping of metabolic QTL (mQTL) and/or expression QTL (eQTL) (Toubiana et al., 2012; Alseekh et al., 2015; Ranjan et al., 2016; Albert et al., 2018; Garbowicz et al., 2018) , has considerably helped linking gene to phenotype. To cite a few traits, candidate genes underlying tolerance to continuous light (Velez-Ramirez et al., 2014) and to water limitation (Albert et al., 2018) , and fruit metabolic variations in cuticle compounds , fructose to glucose ratio (Shammai et al., 2018) , steroidal glycoalkaloids (Itkin et al., 2013) and other secondary metabolites (Alseekh et al., 2015) , carotenoids (Lee et al., 2012) , and flavor volatiles (Garbowicz et al., 2018) have been uncovered and, for several of these, functionally validated, using various combinations of 'omics technologies, genetics, and functional analysis.
The increased availability and low cost of deep sequencing now enabled the integration of 'omics and genetics information. Over the last few years, GWAS combined with extensive mapping of various traits including fruit metabolite content (mGWAS) of up to 398 tomato genotypes enabled both the identification of domestication and improvement sweeps (see for example Tieman et al., 2017) along the genome and the dissection of genetic and biochemical bases of fruit primary metabolite and ascorbate contents (Sauvage et al., 2014) , malate content (Ye et al., 2017) , pink fruit color (Lin et al., 2014) , and flavor components (Bauchet et al., 2017; Tieman et al., 2017) . Very recently, association studies were brought to an unprecedented resolution level by integrating SNP data (~26 million SNPs) with fruit transcriptome (RNA-seq,~30 000 genes) and metabolome (362 annotated metabolites) datasets from between 399 and 610 accessions of wild tomato species, S. pimpinellifolium, S. lycopersicum var. cerasiforme, and S. lycopersicum (Zhu et al., 2018) . In this study, mapping of mQTLs and eQTLs and the study of their association with SNPs by building a multiomics correlation network revealed new metabolic genes and pathways underlying major fruit metabolic traits such as the content in anti-nutritional glycoalkaloids or the pink fruit color. In addition, this study emphasized the metabolic selection sweeps that modern tomato underwent along its history and highlighted the contribution to fruit composition of linkage drags associated with the introgression of fruit weight QTLs and of seemingly unrelated traits such as virus resistance.
We may expect that such powerful forward genetic strategy will be used for the discovery of genetic variations underlying many other tomato traits, for example plant responses to various environmental stresses or pathogens. We may also expect that it will be extended to the discovery of traits under epigenetic regulation by analyzing the methylome of germplasm collections. Recent studies have paved the way for such advances by demonstrating that fruit development and ripening was dependent upon the methylation status of key regulatory and structural genes (Manning et al., 2006; Kanazawa et al., 2011; Zhong et al., 2013; Chen et al., 2015; Liu et al., 2015; Lang et al., 2017; Corem et al., 2018) as was the accumulation of vitamin E (Quadrana et al., 2014) and the production of flavor volatiles in fruits submitted to chilling stress (Zhang et al., 2016) . Given the prominent role of epigenetics in developmental processes and stress responses (Giovannoni et al., 2017) , it is likely that integration of phenotypic data with information on the transcriptome, genome, and epigenome will, in the very near future, give access to heritable epigenetic changes underlying trait variation in tomato.
FROM TRAIT DISCOVERY TO TRAIT ENGINEERING: GENE EDITING
Once a trait has been discovered, the genotypeÀphenotype relationship must be established by screening tomato germplasm for additional alleles or through reverse genetic strategies such as gene complementation, gene disruption, or gene silencing (Figure 4) . Over the last three decades, various gene silencing (co-suppression, antisense RNA and RNA interference) and gene complementation strategies based on stable genetic transformation have been used for functional analysis of target genes and played crucial roles in the establishment of genotypeÀphe-notype relationships in tomato (Frary et al., 2000; Fernandez et al., 2009; Grierson, 2016) . Over the last 15 years, fast transient assay systems based on the use of viruses such as the virus-induced gene complementation (VIGC) (Zhou et al., 2012; Kong et al., 2013) or the widely used virusinduced gene silencing (VIGS) (Liu et al., 2002) technologies were effectively developed in tomato for functional analysis and validation of candidate genes. Virus-based technologies have also been used for inducing stably inherited mutational epi-modifications to target genes in tomato (Kanazawa et al., 2011) . In the last 5 years, CRISPR/ Cas9 system has been successfully established in tomato and has undergone, since then, an overwhelming development. All these technologies have already proved their large interest for establishing genotypeÀphenotype relationships. In this review, we will purposely focus on the most recent applications of GE to tomato and more specifically on the CRISPR/Cas9 system, which now allows precise gene disruption, base editing and even targeted gene replacement in tomato.
Once the genotypeÀphenotype relationship has been validated in planta, the trait can be exploited for tomato improvement e.g. by pyramiding favorable alleles by marker-assisted selection for constructing superior tomato varieties combining yield, fruit quality and stress resistance. However, even with the help of advanced genotyping technologies and of recombination engineering (Mieulet et al., 2018) , this task can remain difficult as unfavorable genes with large pleiotropic effects may be introgressed together with the favorable alleles (Zhu et al., 2018) . Then, the ideal would be to reproduce directly in elite lines the allelic variation(s) responsible for improvement of the trait(s) of interest. Thanks to the recent advances in GE technologies, reaching this objective can be expected in the very near future, as very recently demonstrated by several studies (Rodr ıguez-Leal et al., 2017; Li et al., 2018c; Zs€ og€ on et al., 2018) .
Gene editing systems used for tomato mutagenesis
Zinc finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and clustered regularly interspaced short palindromic repeats (CRISPR) and its associated nuclease Cas (CRISPR-associated system) have been successfully applied to tomato (Van Eck, 2018; Yamamoto et al., 2018) . All three technologies are designed to target and edit a given sequence using sequence-specific binding (1) New traits may be complex to assess, notably the response to multiple biotic and abiotic stresses or root-related traits. Automated high-throughput phenotypic platforms (PF) may contribute to phenotyping and ecophysiological modeling may help to define new ideotypes. (2) Once the target phenotype is defined, genetic resources are screened and mapping populations or GWAS panels are used to map the genes/QTLs controlling the trait variation. For this purpose, many SNP resources are available. (3) The discovery of the gene/allele underlying a specific QTL or a mutation requires either fine mapping and map-based cloning or MBS/QTL-seq. Screening allelic diversity in genetic resources and mining 'omics data (RNA-seq, proteome) and literature may provide additional information on the candidate gene. (4) Manipulation of the candidate gene through targeted gene editing of cis-regulatory or coding sequences can be used to validate its role in the trait. Finally, the creation of a new cultivar will follow a combination of marker-assisted selection, genomic selection and gene editing (when possible).
domains fused to a non-specific nuclease that creates double-stranded breaks (DSB) in adjacent sequences. Because DNA DSBs, which occur naturally in the plant, may be extremely damaging when left unrepaired, plants have developed DSB repair mechanisms. DSBs can be repaired by error prone non-homologous end joining (NHEJ), which can introduce point mutations and/or small insertions/deletions, or by homology-directed homologous recombination (HR) (Puchta, 2017) . Because of inherent complexity and incidence of off-targets, the use of ZFN (Hilioti et al., 2016) and of TALEN (Lor et al., 2014; Cerm ak et al., 2015) for tomato genome engineering has been limited, in contrast with the CRISPR/Cas9 system. Studied for decades for its role in bacterial antiviral defense, CRISPR-Cas has been recently developed into a simple, versatile, and cheap technology for cleaving and editing DNA sequences in eukaryotes. CRISPR/Cas9 relies on the combination of the Streptococcus Cas9 endonuclease with an engineered single-guide RNA (gRNA) that can find a given DNA target. Soon after its development, CRISPR/Cas9 was successfully used in tomato either via Agrobacterium rhizogenes root transformation (Ron et al., 2014) or via Agrobacterium tumefaciens cotyledon transformation that generates heritable mutations (Brooks et al., 2014) .
Gene disruption with CRISPR/Cas9 in tomato
Since the early applications of CRISPR/Cas9 GE to tomato, the number of tomato traits engineered with this system has exploded (see for review Scheben et al., 2017; Van Eck, 2018; Yamamoto et al., 2018) . To date, CRISPR/Cas9 has been chiefly used to knock out genes by creating NHEJrepaired DSBs in target coding regions. A dominant gainof-function mutation was also reported for a DELLA protein (Tomlinson et al., 2018) . In tomato, in which genetic transformation is carried out via somatic embryogenesis, very high frequencies of bi-allelic and homozygous heritable mutations can be obtained in the first generation (up to 100%; Brooks et al., 2014; Pan et al., 2016; Ueta et al., 2017) , meaning that CRISPR engineered tomato plants can be studied a few months after tissue culture. To further fix the mutation and exploit it for breeding, the transgenes have to be segregated out in the progeny (Yu et al., 2017; Van Eck, 2018) . The efficiency of gene disruption can be improved using Cas9 nuclease with paired gRNAs targeting the two ends of a specific sequence (Puchta, 2017) . Standard protocols for Agrobacterium-mediated transformation have been published for main tomato varieties (Van Eck, 2018) and can be adapted for recalcitrant genotypes. User-friendly tools such as CRISPOR (http://crispor. tefor.net/; Haeussler et al., 2016) , which takes into account GC content and possible tomato off-targets for designing gRNAs, are publicly available. In addition, non-profit plasmid repositories such as AddGene (https://www.addgene. org/) provide plasmids useful for CRISPR/Cas9 editing of tomato, including plant-optimized Cas9 (Li et al., 2013) and modular cloning systems for multiplexing (Weber et al., 2011) .
In the recent years, many tomato genes have been successfully targeted by CRISPR/Cas9, resulting in alteration of traits such as root development (Ron et al., 2014) , leaf development (Brooks et al., 2014; Pan et al., 2016) , day neutrality and yield (Soyk et al., 2017a) , meristem size and inflorescence architecture , pollen development Qin et al., 2018) , fruit parthenocarpy (Klap et al., 2017) , fruit ripening (Ito et al., 2015; Li et al., 2018b) , fruit composition (Nonaka et al., 2017) , fruit shelf life (Yu et al., 2017) , chilling temperature tolerance (Li et al., 2018d) as well as in enhanced resistance to the fungal pathogen powdery mildew (Nekrasov et al., 2017) . In addition, the combination of natural and gene-edited mutations of regulators of meristem maturation successfully enabled the development of weakly branched tomato hybrids with higher flower and fruit production (Soyk et al., 2017a) . Multiplex genome editing of up to six genes with multiple gRNAs was also effective in increasing fruit nutritional value by rewiring lycopene (Li et al., 2018a) and GABA metabolic pathways.
Recent developments of CRISPR/Cas9 system and exploitation for tomato breeding
The NHEJ mechanism was also harnessed for creating new allelic diversity. Many natural variations favored by domestication and improvement are found in cis-regulatory regions because mutations in coding regions may have undesirable pleiotropic effects (Swinnen et al., 2016) . By targeting with many gRNAs the cis-regulatory regions of SlWUS and SlCLV3 that are involved in the control of tomato carpel number and thus of fruit size Xu et al., 2015) , Rodr ıguez-Leal et al. (2017) could produce a series of mutations including deletions, insertions, inversion, and point mutations. The cis-regulatory alleles, which induced a range of phenotypic changes recapitulating the quantitative variations in carpel number/ fruit size observed in cultivated tomato resources, could be further combined and fixed in the progeny. Additionally, they also showed that plant architecture and inflorescence production could be engineered by targeting promoters from COMPOUND INFLORESCENCE and SELF PRUNING, two genes already known to control tomato yield (Park et al., 2014) .
Such a strategy, which produces transgene-free plants that can be integrated into a breeding programme after evaluation of their phenotypic value, can be extended to the engineering of a wide range of traits in a single tomato variety (Zs€ og€ on et al., 2017). Of special interest are those traits that should be fine tuned because there is a tradeoff between plant fitness/productivity/quality and adaptation to abiotic stresses (water limitation, salinity, etc.) (Mickelbart et al., 2015) or to biotic stresses e.g. viruses (Gauffier et al., 2016) . Very recently, Zs€ og€ on et al. (2018) and Li et al. (2018c) engineered the S. pimpinellifolium wild ancestor of cultivated tomato by CRISPR multiplexing with six gRNAs, which resulted in the generation of gene-edited plants with characteristics similar to those of cultivated tomato, i.e. increased fruit yield and nutritional value. GE targets were cis-regulatory regions, coding regions or upstream lORF of domestication genes involved in the regulation of plant architecture, fruit carpel number, size and shape, and synthesis of lycopene and ascorbate. In addition, the various accessions of S. pimpinellifolium gene edited by Li et al. (2018c) displayed salt tolerance and, for two of these, resistance to bacterial spot disease.
A second recent breakthrough in tomato (GE) and engineering of agricultural traits is the demonstration that the HR mechanism can be effectively harnessed for gene replacement. HR enables the integration of an intended mutation into the target site, providing that a DNA repair template is available. However, because HR is much less efficient than NHEJ in somatic plant cells, it requires considerable efforts for screening large numbers of transformed plants or the use of selection markers. Recently, geminivirus amplicons were shown to considerably increase the efficiency of donor template delivery for HR DNA repair in tomato ( Cerm ak et al., 2015 . DahanMeir et al. (2018) combined, in a single vector designed for Agrobacterium-mediated transformation, the CRISPR/Cas9 DSB induction system with a geminivirus replicon carrying a WT 3' truncated CAROTENOID ISOMERASE (CRTISO) gene as donor. The defective deletion allele responsible for tangerine mutation was effectively replaced by the WT allele, thus restoring the red fruit color phenotype. Although these achievements still require confirmation for additional targets, the very high proportion of HR observed in this study (25% of first generation plants), without selection during tissue culture, is very promising. Prospects such as the reproduction of natural genetic diversity in tomato elite lines, the precise editing in planta of cis-regulating elements or of proteins with the desired properties, e.g. for creating new virus resistance (Bastet et al., 2018) , can now be considered.
The application for crop improvement of CRISPR/Cas9 system is expanding continuously (Scheben et al., 2017) . New Cas enzymes offer increased fidelity or RNA targeting possibilities (Puchta, 2017) . Marker-free and new multiplexing systems have been developed for tomato . One possible exploitation of Cas9 is the generation of a deactivated dCas9 or a nickase nCas9, which recognizes a DNAÀgRNA complex but does not induce DSBs. Cytidine deaminase fused to dCas9 or nCas9 induces point mutations at cytidines within the target range, as successfully established in several crops including tomato (Shimatani et al., 2017) . Recently, a dCas9 fused to a human demethylase was shown to induce heritable epigenetic changes at specific loci in Arabidopsis (GallegoBartolom e et al., 2018) opening the way for epigenome editing of gene regulation in tomato.
CONCLUSION
The pace of trait discovery in tomato has considerably accelerated in the recent years. Whole genome sequencing and RNA-seq has enabled easier mapping and narrowing down of the region harboring the traits of interest or even the direct identification of EMS-induced causal mutations. Genes, SNPs, indels, or methylation patterns underlying remarkable phenotypes are currently being identified for major fruit traits. In addition, current technologies allow the integration of SNP, transcriptome, and metabolome data gathered at genome-wide level from hundreds of tomato genotypes for discovering and tracing back the history of genetic variations that underlie complex traits. At last, the tomato EMS and gene-edited recombination mutants now available, which increase meiotic crossovers by at least three-fold (Mieulet et al., 2018) , should considerably reduce the work necessary to identify genetic variants and accelerate trait discovery.
In the very near future, genetic variations that underlie additional phenotypic variations will continue to be discovered, including for environment-dependent traits. One of the main limitations is now the availability and throughput of phenotyping technologies, notably for the study of environmental stress impact. The availability of high-density genotyping techniques and large collections of resequenced collections may help to set up genomic selection for quantitative traits (Duangjit et al., 2016; Yamamoto et al., 2017) , which should be combined with single mutations for breeding purposes (Figure 4) .
Tomato is ideally suited for trait engineering by GE and several techniques can now be exploited for breeding superior tomato varieties. However, the exploitation of CRISPR/Cas9 technologies for breeding is facing huge regulatory issues in several countries. While the USA considers that CRISPR-edited organisms are not genetically modified organisms (GMOs) (Waltz, 2016) , the European Union (EU) has very recently considered, in a preliminary judgment, that CRISPR mutagenesis constitutes alterations made to the genetic material and therefore satisfies the definition of a GMO (Callaway, 2018) . In practice, new tomato varieties obtained through GE technologies ,including CRISPR, will have to undertake the long process of GMO authorization and will face social acceptance issues in Europe. This caveat will probably prohibit their use within the EU market over the coming years, while other tomato markets will be largely open to GE tomato varieties.
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